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mRNA therapeutics hold great promise for the treatment of 
human diseases. While incorporating naturally occurring 
modified nucleotides during synthesis has greatly increased 
their potency and safety, challenges in selective expression 
have hindered clinical applications. MicroRNA (miRNA)-regu- 
lated in vitro-transcribed mRNAs, called miRNA switches, have 
been used to control the expression of exogenous mRNA in a 
cell-selective manner. However, the effect of nucleotide modifi- 
cations on miRNA-dependent silencing has not been exam- 
ined. Here we show that the incorporation of pseudouridine, 
N1-methylpseudourdine, or pseudouridine and 5-methylcyti- 
dine, which increases translation, tends to decrease the re- 
gulation of miRNA switches. Moreover, pseudouridine and 
5-methylcytidine modification enables one miRNA target site 
at the 3’ UTR to be as effective as four target sites. We also 
demonstrate that the effects of pseudouridine, pseudouridine 
and 5-methylcytidine, and N1-methylpseudourdine modifica- 
tion are miRNA switch specific and do not correlate with the 
proportion of modified nucleotides in the miRNA target site. 
Furthermore, modified miRNA switches containing seed-com- 
plementary target sites are poorly regulated by miRNA. We 
also show that placing the miRNA target site in the 5” UTR 
of the miRNA switch abolishes the effect of nucleotide modifi- 
cation on miRNA-dependent silencing. This work provides 
insights into the influence of nucleotide modifications on 
miRNA-dependent silencing and informs the design of optimal 
miRNA switches. 


INTRODUCTION 

mRNA therapeutics are becoming valuable tools for the treatment of 
a broad range of human diseases.’ Many preclinical and clinical 
trials are underway using in vitro-transcribed (IVT) mRNAs as can- 
cer treatments,” vaccines,’ and protein replacement therapies.*” 
mRNA-based therapies represent a remarkable alternative to DNA- 
based therapies, with a wide range of advantages, including (1) 
increased safety: their non-replicative nature carries no risk for inte- 
gration into the host genome, thus eliminating the chances of 
genomic alteration; (2) broader applications: exogenous mRNAs 
preclude the need for nuclear localization and allow rapid protein 
expression in any cell type, including non-dividing cells; and (3) 
streamlined production: cell-free systems enable reproducible, rapid, 


updates 


and cost-effective synthesis with stringent quality control. The inclu- 
sion of structural elements such as a 5’ cap, 5’ and 3’ UTRs, and a 
poly(A) tail has been shown to significantly improve the stability 
and translational efficiency of IVT mRNA.’ Additionally, codon 
engineering and the incorporation of chemically modified nucleotides 
that mimic the naturally occurring intracellular modifications have 
been shown to reduce immunogenicity and increase translation of 
IVT mRNA.” 


To date, 171 types of modified bases have been described, although 
most types are thought to be rare.” Post-transcriptional modifications 
of RNA are frequent, conserved across species, and observed in 
different RNA classes. These modifications distinguish endogenous 
RNA molecules from invading viral or microbial RNA molecules. 
Pseudouridine (W) is one of the most common nucleotide modifica- 
tions in cellular RNA, and it is produced by the irreversible iso- 
merization of uridine to W.”'' Hundreds of pseudouridylation sites 
have been identified in eukaryotic mRNA, and they have been shown 
to be dynamically modulated in response to environmental changes 
and stresses.” 1? W affects the stability of endogenous mRNA, indi- 
cating potential regulatory roles in mRNA metabolism.'”'' Incorpo- 
rating W into IVT mRNA has been shown to increase translation and 
decrease immunogenicity.”'*-'” The benefits of incorporating W in 
IVT mRNA are enhanced when W is combined with other naturally 
modified nucleotides, such as 5-methylcytidine (m5C).'*'” Other 
modifications, such as N1-methylpseudourdine (m1), have recently 
been shown to further improve translation and evasion of the innate 
immune system.”°”! These insights have made IVT mRNA a viable 
therapeutic option. However, safe and effective mRNA therapeutics 
require cell-specific targeting to maximize the benefits and minimize 
off-target effects. 


Cell-specific expression has been achieved using various strategies, 
including the incorporation of ligand-sensing aptamers~ or target 
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sites for endogenous microRNA (MiRNA).”””* The addition of arti- 
ficial miRNA target sites into the 3’ UTR of the transgene expression 
vector allows for targeting by the RNA-Induced Silencing Complex 
(RISC) and leads to the silencing of the transgene in cells expressing 
the corresponding miRNA. We have previously employed this strat- 
egy using an adenoviral vector with target sites for miR-126-3p, an 
endothelial cell-specific miRNA, to selectively inhibit the prolifera- 
tion of arterial vascular smooth muscle cells (VSMCs) and prevent 
restenosis while allowing re-endothelialization of the vessels after 
balloon injury in a rat carotid artery.” Recently, IVT mRNAs that 
contain artificial miRNA target sites, called miRNA switches, were 
successfully used to achieve cell-specific expression of synthetic 
circuits, identify and eliminate undifferentiated induced stem cells, 
and achieve cell-selective genome editing using miRNA-responsive 
CRISPR-Cas9.** =? 


The intricate mechanisms of miRNA-mediated silencing have been 
the focus of extensive investigations. However, to date, the relative 
contributions of mRNA decay and translational repression to the 
overall silencing remain under debate. Moreover, the influence of 
chemically modified nucleotides on miRNA-dependent mRNA 
silencing has not been investigated. Since nucleotide modifications 
increase translation and stabilize the 2D and 3D RNA structures, 
thereby altering interactions within the RNA itself and with 
RNA-binding proteins,” we sought to determine whether nucleotide 
modifications affect the regulation of miRNA switches. In this work 
we compared the effect of nucleotide modifications (W, W/m5C, 
and m1W) on the performance of different miRNA switches in 
different cell types. We also tested the effect of the location and the 
complementarity of the miRNA target sites in the miRNA switches. 


RESULTS 

Nucleotide Modifications Alter miRNA-Dependent Silencing of 
miRNA Switches 

To create reporter miRNA switches, we introduced one to four copies 
of a 22-nt sequence fully complementary to the mature miR-126-3p at 
the 3’ UTR of IVT GFP mRNA (GFP-1x126TS, GFP-2x126TS, GFP- 
3x126TS, GFP-4x126TS). We used HEK293 cells, since they display 
minimal cytotoxicity following transfection with unmodified IVT 
mRNA due to the lack of expression of almost all Toll-like receptors 
(TLRs).'°?!*! Since HEK293 cells express very low levels of miR-126- 
3p compared to human umbilical vein endothelial cells (HUVECs) 
(Figure S1A), we used exogenous mimics to overexpress miR-126- 
3p in HEK293. To determine the optimal time needed for the loading 
of the miR-126-3p mimics into the RISC, HEK293 cells were trans- 
fected with miR-126-3p mimics simultaneously or 4, 8, or 24 h prior 
to transfection with unmodified GFP-4x126TS miRNA switches. 
miR-126-3p mimics reduced GFP expression to <37% (p < 0.05) at 
all time points compared to vehicle control, and the lowest 
GFP expression (16.3%) was seen in cells transfected with miR-126- 
3p mimics 24 h prior to the GFP-4x126TS miRNA switches (Fig- 
ure S1B). Therefore, in all subsequent experiments involving 
HEK293 cells, we transfected miRNA mimics 24 h prior to the 
miRNA switch transfection. 


340 Molecular Therapy: Nucleic Acids Vol. 14 March 2019 


Molecular Therapy: Nucleic Acids 


To establish the baseline for miRNA switch silencing, we first assessed 
GFP expression in HEK293 cells transfected with unmodified (0% W) 
GFP mRNA containing zero to four copies of miR-126-3p fully com- 
plementary target sites at the 3’ UTR, in the presence of miR-126-3p 
mimics, miR-143-3p mimics, or vehicle control. In cells transfected 
with unmodified GFP-1x126TS mRNA, miR-126-3p mimics reduced 
GFP protein levels to 23.5% (p < 0.05) of vehicle control (Figures 1A 
and 1B). Increasing the number of miR-126-3p target sites from one 
to four decreased the expression of GFP protein levels from 23.5% to 
6.8% in the presence of miR-126-3p mimics, whereas miR-143-3p 
mimics showed no difference in GFP expression (Figures 1A and 1B). 


We then synthesized GFP mRNA with 25%, 50%, or 100% substitu- 
tion of uridine for W. Transfection of these W-modified mRNAs into 
HEK293 cells showed >2-fold increase (p < 0.05) in GFP expression 
with 50% and 100% W compared to unmodified (0% W) GFP 
mRNA (Figure S2). We found that increasing W substitutions, 
from 0% to 100%, reduced miR-126-3p-dependent silencing of 
GFP-1x126TS from 23.5% to 36.4% relative GFP expression (Figures 
1A and 1B). Increasing the number of miR-126-3p target sites from 
one to four further decreased the expression of GFP protein levels 
to <13% at all percentages of W substitution in the presence of 
miR-126-3p, but not miR-143-3p (Figures 1A and 1B). The increased 
silencing of GFP-4x126TS switches compared to GFP-1x126TS was 
seen at all levels of ¥ substitution, but it only reached statistical sig- 
nificance in the 100% W-modified miRNA switches (p < 0.05). 


We also assessed the ability of the endogenous miR-126-3p to silence 
unmodified (0% W) or 100% W-modified GFP miRNA switches con- 
taining zero to four copies of miR-126-3p fully complementary target 
sites at the 3’ UTR. HUVECs transfected with unmodified GFP 
mRNA displayed minimal GFP expression and a 3.4-fold (p < 0.05) 
increase in the number of dead cells compared to non-transfected 
controls (Figures S3A and S3B). However, HUVECs transfected 
with 100% W-modified GFP mRNA displayed increased GFP expres- 
sion and no difference in the number of dead cells compared to non- 
transfected controls (Figures S3A and S3B). Similar to HEK293 cells 
transfected with miR-126-3p mimics, HUVECs transfected with 
100% W-modified GFP-1x126TS showed 42.3% GFP expression 
compared to 100% W-modified GFP mRNA (p < 0.05). Increasing 
the number of miR-126-3p target sites from one to four further 
decreased the expression of GFP to 25.1% but did not reach statistical 
significance (Figures 1C and 1D). 


To determine whether the reduction in GFP expression is due to tran- 
script cleavage or reduced translation, we analyzed GFP transcript 
levels of HUVECs 24 h after transfection with 100% W-modified 
GFP-encoding miRNA switches, with zero, one, or four fully comple- 
mentary target sites for miR-126-3p in the 3’ UTR. GFP-1x126TS 
mRNA levels were reduced to 59.8% of cells transfected with 100% 
W-modified GFP mRNA. Increasing the number of miR-126-3p 
target sites to four did not further decrease GFP mRNA levels (Fig- 
ure S4), whereas GFP protein levels continued to decrease with the 
additional target sites (Figures 1C and 1D). These results show that 
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the additional fully complementary miRNA target sites do not in- 
crease the cleavage of miRNA switches but still contribute to the 
miRNA-mediated silencing by increasing translational repression. 


Lastly, we assessed sponging of the endogenous miRNA by miRNA 
switches. HUVECs were transfected with 100% W-modified GFP 
containing zero, one, or four miR-126-3p target sites at the 3’ UTR, 
and, after 24 h, the expressions of miR-126-3p and PIK3R2, a known 
miR-126-3p target, were determined by RT-PCR. We found that in- 
clusion of one or four miR-126-3p target sites reduced endogenous 
miR-126-3p levels to ~55% (p < 0.05) and increased the mRNA level 
of PIK3R2 ~1.5-fold (p < 0.05). No difference was observed in the 
sponging of miR-126-3p or PIK3R2 expression between cells trans- 
fected with GFP-1x126TS and GFP-4x126TS (Figures S5A and 
S5B). These data indicate that miRNA switches that contain even 
one fully complementary miRNA target site reduce the availability 
of the endogenous cognate miRNA and impact the expression of its 
target genes. 


Recent studies have used combinations of modified nucleotides to 
further decrease the innate immune response to exogenous 
mRNA.'*'” We therefore tested whether 100% substitution with 
both W and m5C alters miRNA-dependent silencing of GFP miRNA 


However, unlike W-modified miRNA switches, 

the silencing provided by one miR-126-3p 
target site in the W/m5C-modified miRNA switches was equal to 
the silencing of miRNA switches with four target sites. 


When the 100% W/m5C-modified GFP mRNA was tested in HUVECs, 
we observed GFP expression and no difference in the number of dead 
cells compared to non-transfected controls (Figures S3A and S3B). 
HUVECs transfected with 100% W/m5C GFP-1x126TS showed 
39.2% GFP expression compared to GFP mRNA controls. As was 
observed in HEK293 cells, increasing the number of miR-126-3p target 
sites at the 3’ UTR produced no increase in the silencing (Figures 2C and 
2D). These data demonstrate that, in W/m5C-modified miR-126-3p 
switches, unlike unmodified or W-modified miR-126-3p switches, in- 
clusion of just one miR-126-3p target site at the 3’ UTR achieved the 
same miRNA-dependent silencing as four target sites. 


To further explore the influence of the modified nucleotides on the 
silencing of miRNA switches, we designed GFP mRNA containing 
four fully complementary target sites at the 3’ UTR for miR-21-5p, 
which contains six uridines and five cytosines (GFP-4x21TS), or 
miR-145-5p (GFP-4x145TS), which contains four uridines and four 
cytosines. In contrast, miR-126-3p contains six uridines and six 
cytosines (Figure 3A). HEK293 cells were transfected with un- 
modified, 100% W-modified, or 100% W/m5C-modified GFP, 
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GFP-4x21TS, or GFP-4x145TS miRNA switches 24 h after transfec- 
tion with miR-21-5p, miR-145-5p, or miR-143-3p mimic or vehicle 
control. In cells transfected with unmodified, W-modified, or 
W/m5C-modified GFP-4x21TS miRNA switches, only miR-21-5p 
mimic reduced GFP protein levels to 10.5%, 41.5%, and 25.6%, respec- 
tively, compared to vehicle control (p < 0.05), whereas miR-145-5p 
and miR-143-3p showed no inhibitory effect (Figures 3B and 3C). 


Similarly, in cells transfected with unmodified, W-modified, or 
W/m5C-modified GFP-4x145TS mRNA, only miR-145-5p mimic 
reduced GFP protein levels to 11.0%, 43.8%, and 32.6%, respectively, 
compared to vehicle control (p < 0.05), whereas miR-21-5p and miR- 
143-3p showed no inhibitory effect (Figures 3B and 3C). Although the 
silencing of W- or W/m5C-modified GFP-4x21TS and GFP-4x145TS 
by miR-21-5p and miR-145-5p mimics, respectively, was less effective 
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modified (20.2%) GFP-4x122TS miRNA switch 
by miR-122-5p mimic (Figures 3D and 3E). 
Taken together, these data indicate that W and 
W/m5C modifications tend to decrease the 
silencing of the miRNA switches in comparison 
to the unmodified miRNA switches. 
91232 Regulation of W- and W/m5C-Modified 
miRNA Switches Is Cell Type Dependent 
Wealso tested these miRNA switches in cell types 
that endogenously express the cognate miRNAs 
to confirm the effects we observed using miRNA mimics in HEK293 
cells. We used HUVECs and VSMCs, which express high levels of 
miR-126-3p and miR-145-5p, respectively, in addition to miR-21-5p. 
We also used HeLa cells, which express high levels of miR-21-5p, but 
neither miR-126-3p nor miR-145-5p (Figure 4A). HUVECs transfected 
with W-modified and W/m5C-modified GFP-4x126TS switches 
showed a similar reduction in GFP expression, to 42.3% and 30.4%, 
respectively, compared to their respective GFP mRNA-transfected con- 
trols (p < 0.05). However, W-modified GFP-4x21TS miRNA switch 
reduced GFP expression to 55.2% of W-modified GFP-transfected cells 
(p < 0.05), while W/m5C-modified GFP-4x21TS expression was 
reduced to only 70.5% of W/m5C-modified GFP-transfected controls, 
which did not reach statistical significance. Lastly, HUVECs transfected 
with W- or W/m5C-modified GFP-4x145TS showed no decrease in 
GFP expression compared to GFP controls (Figures 4B and 4C). 
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In VSMCs, transfection of either W- or W/m5C-modified GFP- 
4x126TS switch did not decrease GFP expression compared to 
W- or W/m5C-modified GFP mRNA control. W-modified GFP- 
4x21TS switch produced 20.8% GFP expression relative to 
W-modified GFP mRNA control (p < 0.05), while W/m5C modi- 
fication exhibited 73.0% GFP expression relative to the W/m5C- 
modified GFP mRNA control. Interestingly, W-modified GFP- 
4x145TS switch exhibited very little silencing (74.2% relative 
GFP expression, p > 0.05) compared to the W-modified GFP 
mRNA-transfected control, and W/5mC-modified GFP-4x145TS 
switch showed no silencing at all (Figures 4D and 4E). No statis- 
tically significant differences in GFP expression were observed in 
the W/5mC-modifed GFP-4x21TS and GFP-4x145TS compared to 
the W-modified switches. 


In HeLa cells, W-modified GFP-4x21TS switch produced 50.0% 
relative GFP expression, while W/5mC-modified GFP-4x21TS 
switch was further reduced to 39.1% relative GFP expression. No 
silencing was seen with W- and W/m5C-modified GFP-4x126TS 
and GFP-4x145TS switches (Figures 4F and 4G). These data indi- 
cate that the silencing of W- and W/m5C-modified miRNA switches 
may be influenced by the abundance of the cognate miRNA and/or 


cell type. 


detect any increase or decrease in the ability 

of miRNA to silence the miRNA switch. In 
HEK293 cells transfected with unmodified GFP-2x126seed or 
GFP-2x126TS, miR-126-3p mimics decreased GFP protein levels 
to 20.6% or 26.4%, respectively, compared to vehicle controls 
(Figures 5B and 5C). Increasing the percentage of W from 0% to 
100% reduced the silencing of GFP-2x126seed by miR-126-5p 
mimics from 20.6% to 44.9% (p < 0.05), in contrast to GFP-2x126TS, 
which exhibited relatively equal GFP expression at all percentages 
of W substitution (Figures 5B and 5C). Cells transfected 
with W/m5C-modified GFP-2x126seed also exhibited impaired 
miRNA-dependent silencing compared to unmodified GFP- 
2x126seed miRNA switches (41.6% versus 20.6%, p < 0.05) and to 
W/m5C-modifed GFP-2x126TS (41.6% versus 18.0%, p < 0.05) (Fig- 
ures 5B and 5C). 


Strikingly, when 100% W- or 100% W/m5C-modified GFP- 
2x126seed miRNA switches were transfected into HUVECs, we 
observed no decrease in GFP expression compared to 100% W- or 
100% W/m5C-modified GFP mRNA; whereas 100% W- and 
100% W/m5C-modified GFP-2x126TS reduced GFP expression to 
23.9% and 66.3% (p < 0.05), respectively (Figures 5D and 5E). The 
silencing of W-modified GFP-2x126TS was significantly stronger 
than the silencing of W-modified GFP-2x126seed (p < 0.05), but no 
difference was observed between the W/m5C-modified miRNA 
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switches. Interestingly, 100% W/m5C-modified GFP-2x126TS was 
significantly less silenced than 100% W-modified GFP-2x126TS (Fig- 
ures 5D and 5E), an effect that was not seen when using GFP-4x126TS 
miRNA switches in the same cells (Figures 4B and 4C). These data 
indicate that nucleotide modifications largely inactivate miRNA 
switches containing partial complementarity to the mature miRNA 
sequence. 


m1W Modification Affects the Silencing of miRNA Switches 
Recently, it has been reported that mRNAs containing m1 ¥ 
modification outperformed the W- and W/m5C-modified mRNA 
platforms.?%?! Therefore, we compared the silencing of GFP- 
4x126TS containing 100% m1W substitutions to unmodified, 
100% W-modified, and 100% W/m5C-modified miRNA switches 
in HEK293 cells. In the presence of miR-126-3p mimics, m1W- 
modified GFP-4x126TS exhibited 31.8% relative GFP expression 
(p < 0.05) and was significantly different than unmodified GFP- 
4x126TS that showed only 6.8% GFP expression relative to vehicle 
controls (Figures 6A and 6B). 


To test whether modified nucleotides alter the silencing of miRNA 
switches beyond the 24-h time point, HEK293 cells were transfected 
with vehicle or miR-126-3p or miR-143 mimic 24 h before transfection 
with unmodified, 100% W-modified, W/m5C-modified, or m1W- 
modified GFP-4x126TS together with 100% W/m5C-modifed RFP 
mRNA for transfection control. The percentages of GFP- and RFP- 
positive cells were determined every 24 h for 5 days by flow 
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Figure 4. Silencing of W- and YW/m5C-Modified 
miRNA Switches by Endogenous miRNA 

(A) Real-time PCR analysis of the indicated miRNA 
expression in HUVECs, VSMCs, and HeLa cells normal- 
ized to U18. (B-G) Representative immunoblots of GFP 
and GAPDH expressions (B, D, and F) and densitometric 
quantification (C, E, and G) of HUVECs (B and C), VSMCs 
(D and E), and HeLa (F and G) cells transfected with the 
indicated miRNA switch. GFP and GAPDH expressions 
were measured after 24 h. Data represent the mean + 
SEM, normalized against GAPDH and relative to 
GFP-transfected control. *p < 0.05 versus GFP-trans- 
fected cells. Numbers above bars indicate the mean 
values. 
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cytometry. At day 1, cells transfected with un- 
modified GFP-4x126TS together with miR-143 
mimic or vehicle control were ~30% GFP and 
RFP positive. After 5 days, the percentages of 
GFP- and RFP-positive cells decreased to 4% 
and 15%, respectively (Figure S6A). In contrast, 
cells transfected with W-, W/m5C-, or m1W- 
modified GFP-4x126TS together with miR-143 
mimic or vehicle control were >70% GFP posi- 
ee tive at day 1, which decreased to 24%, 27.4%, 
SEK and 54%, respectively, at day 5, whereas the per- 
centage of RFP-positive cells was ~60% at day 1 
and decreased to 6% by day 5 with all modifications (Figures S6B- 
S6D). Cells transfected with 100% W/m5C RFP mRNA alone exhibited 
a similar pattern of expression with ~65% REP-postive cells at day 1 
that decreased to 6% by day 5 (Figure S6E). 


mm msc 


In the presence of miR-126-3p mimic, cells transfected with un- 
modified GFP-4x126TS were only 4% GFP positive at day 1, 
whereas W-, W/m5C-, or m1 W-modified GFP-4x126TS transfected 
cells were 22%, 18.7%, and 47% GFP positive, respectively. The 
percentage of GPF-positive cells decreased to <2% at day 5 in all 
miR-126-3p mimic-treated groups (Figures S6A-S6D). These 
data show that the nucleotide modifications, particularly m1W, 
increase the translation and extend the duration of protein expres- 
sion, thereby reducing the silencing efficiency of the miRNA 
switches. 


We also tested whether 100% m1W substitution affects silencing of 
the other miRNA switches in HEK293 cells, and we found that 
m1W-modified GFP-4x21TS, GFP-4x145TS, and GFP-4x122TS ex- 
hibited 19.4%, 32.9%, and 21.0% GFP expression, respectively, in 
the presence of their cognate miRNA mimic (p < 0.05). Unmodified 
GFP-4x21TS, GFP-4x145TS, and GFP-4x122TS showed 10.5%, 
11.0%, and 9.5% relative GFP expression, respectively. Although 
the m1W-modified miRNA switches tended to be less effectively 
silenced by the cognate miRNA than the unmodified miRNA 
switches, these differences did not reach statistical significance (Fig- 
ures 6C and 6D). 
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Figure 5. miRNA Target Site Complementarity Affects the Silencing of W- and W/m5C-Modified miRNA Switches 

(A) Sequences of mature miR-126-3p and fully complementary and 7-mer-A1 seed target sites. ^The site of Argonaute cleavage. Red bases are complementary to the seed 
sequence. (B-E) Representative immunoblots (B and D) and densitometric quantification (C and E) of HEK293 cells transfected with miR-126-3p or miR-143-3p mimic or 
vehicle control 24 h before transfection with the indicated miRNA switch (B and C) or HUVECs transfected with the indicated miRNA switches (D and E). GFP and GAPDH 
expressions were measured after 24 h. Data represent the mean + SEM, normalized against GAPDH and relative to vehicle control (C) or GFP-transfected cells (E). *p < 0.05 


versus miR-143 control (C); versus GFP-treated cells (E). #p < 0.05 for the indicated comparisons. Numbers above bars indicate the mean values. 


Addition of miRNA Target Sites at the 5’ UTR of the miRNA 
Switches Counteracts the Impact of Nucleotide Modification 

A recent reports has shown that placing miRNA target sites in the 
5’ UTR of the miRNA switches produced stronger miRNA-depen- 
dent silencing.” To test whether the addition of miRNA target sites 
at the 5’ UTR could counteract the impact of nucleotide modifications 
on the silencing of miRNA switches, we designed GFP-encoding 
miRNA switches with one fully complementary target site for miR- 
126-3p in the 5’ UTR of human f-globin (5’ UTR-1x126TS-GFP). 
In HEK293 cells transfected with unmodified 5’ UTR-1x126TS- 
GFP, miR-126-3p reduced GFP expression to 1.1% in the presence 
of miR-126-3p mimics (Figures 6E and 6F). The suppression of 
GFP was equivalent to that of the four miR-126-3p target sites in 
the 3’ UTR (Figures 6A and 6B). Moreover, cells transfected with 
100% W-, 100% W/m5C-, and 100% mlW-modifed 5’ UTR- 
1x126TS-GFP switches also showed significant silencing by miR- 
126-3p compared to miR-143-3p controls (9.0%, 10.9%, and 5.7%, 
respectively; p < 0.05). These data indicate that placing one fully com- 
plementary miRNA target site at the 5’ UTR of miRNA switches elim- 


inates the impact of m1W modification seen when using four target 
sites at the 3’ UTR. 


DISCUSSION 

miRNAs have increasingly been used to build regulatory circuits in 
synthetic biology. miRNA switches have been recently used to enable 
cell-specific expression of IVT mRNA. Nucleotide modifications are 
commonly incorporated in these IVT mRNA to decrease immunoge- 
nicity and increase translation. In this study, we sought to investigate 
the influence of modified nucleotides on the performance of miRNA 
switches. We found that the incorporations of ¥ and m1W, which in- 
crease translation, tend to decrease the miRNA-dependent regulation 
of miRNA switches, while W/m5C modification enables one miRNA 
target site at the 3’ UTR to regulate the miRNA switch as effectively as 
four target sites. We also demonstrated that the effects of W, W/m5C, 
and m1W modifications are sequence dependent and are not corre- 
lated with the proportion of modified nucleotides in the miRNA 
target site. Furthermore, modified miRNA switches containing 
seed-complementary target sites are poorly regulated by miRNA, 
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Figure 6. Silencing of Modified miRNA Switches Is Affected by the Location of the miRNA Target Sites 


(A-F) Representative immunoblots (A, C, and E) and densitometric quantification (B, 


D, and F) of HEK293 cells transfected with the indicated miRNA mimics or vehicle control 


24 h before transfection with the indicated miRNA switches. GFP and GAPDH expressions were measured after 24 h. Data represent the mean + SEM, normalized against 
GAPDH and relative to vehicle control. *p < 0.05 versus miR-143-treated control. #p < 0.05 for the indicated comparisons. NTC, non-transfected control. Numbers above 


bars indicate the mean values. 


while placing the miRNA target site in the 5' UTR makes the miRNA- 
dependent silencing largely insensitive to nucleotide modification 
(Table S2). 


The relative contribution of the endonuclease cleavage and/or 
suppression of translation in the dynamics of miRNA-mediated 
mRNA silencing has not been fully elucidated, but, ultimately, 
both pathways contribute to the decrease in protein expression. 
To explore the differences in miRNA-dependent silencing between 
unmodified and modified miRNA switches, we measured changes 
at the protein level, which also accounts for the increase in 
mRNA translation seen with the modifications. We explored 
different methods for measuring protein expression (flow cytome- 
try and immunoblotting), and we carefully quantified and pooled 
the data when possible. Although immunoblotting is not the 
most sensitive method of measuring protein expression, it was 
sufficient for our initial assessments. Further studies that use 
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more sensitive assays are necessary to pinpoint the exact mecha- 
nisms by which nucleotide modification alters miRNA-dependent 
silencing. 


We also took advantage of the fact that HEK293 cells lack expression 
of most TLRs'**'*! and tolerate transfection with unmodified IVT 
mRNA. Although HEK293 cells displayed minimal toxicity when 
transfected with unmodified IVT mRNA, we noticed lower expres- 
sion of W/m5C-modifed RFP mRNA when co-transfected with un- 
modified GFP-4x126TS (Figure S6A). This trans-repression is likely 
due to the presence of other pattern recognition receptors such as 
protein kinase R (PKR), which phosphorylates the eukaryotic trans- 
lation initiation factor elF2a and leads to translation inhibition.” Pre- 
vious studies have performed similar experiments in HEK293 cells to 
show that the incorporation of modified nucleotides in IVT mRNA 
reduces PKR activation and 2'-5'-oligoadenylate synthetase and 
RNase L activities. '*** 
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Here we found that 100% W substitution doubled the expression of 
IVT mRNA compared to unmodified mRNA and slightly reduced 
miRNA-mediated silencing of all the tested miRNA switches but 
did not reach statistical significance. Similar results were also 
observed with m1W modification, which is known to produce even 
more protein expression than W modification, and it significantly 
reduced the miRNA-dependent silencing of miR-126-3p switches. 
These data are in line with previous reports showing that incor- 
poration of W or m1W in IVT mRNA enhanced translational 
efficiency.°?!? 


Moreover, alterations in mRNA translation initiation, for example, 
tethering of the translation factors elF-4E or eiF-4G to an mRNA, 
have been shown to confer resistance to miRNA-induced repres- 
sion. We also found that the increased silencing of W-modified 
miRNA switches with multiple fully complementary target sites at 
the 3’ UTR was due to an increase in translational repression rather 
than transcript degradation. Moreover, miRNA switches drastically 
reduced the availability of the endogenous miRNA. The miRNA 
sponging was similar when using miRNA switches with one or four 
fully complementary target sites. Previous studies using plasmids or 
viral vectors have reported no sponging activity even when using 
four fully complementary target sites.”* The differences in miRNA 
sponging might be due to the temporal expression between the two 
delivery systems. Plasmids and viral vectors that are gradually tran- 
scribed and transported to the cytoplasm are less likely to sponge 
the miRNA, whereas transfection of miRNA switches can immedi- 
ately bind and potentially saturate the available miRNA due to rapid 
delivery of a high number of transcripts into the cytoplasm. However, 
because miRNA switches are transient, the sponging caused by the 
miRNA switches is temporary. 


Similar to W-modified mRNA, W/m5C-modified mRNAs are also 
known to enhance protein expression and reduce immunogenicity.”! 
However, in contrast to W-modified miRNA switches, the addition 
of one miRNA target site to the 3’ UTR produced miRNA-dependent 
silencing of W/m5C-modified miR-126-3p switches as effectively as 
when four target sites were used. Moreover, this effect was detected 
not only in HEK293 cells but also occurred in HUVECs. The propor- 
tion of m5C in the target sites of the tested miRNA switches did not 
correlate with the miRNA-dependent silencing efficiency, and the 
silencing efficiency also varied in different cell types used in this 
work. Nucleotide modification alters the secondary or tertiary struc- 
ture of the mRNA,” which may alter accessibility of the miRNA 
target sites in a switch-specific manner. In fact, W modification 
has been reported to reduce protein binding to consensus sequences 
in mRNA.” The nucleotide modifications may also affect the ki- 
netics of miRNA switch shuttling in or out of p-bodies.”** Further 
studies are necessary to explore the interaction of miRNA target site 
sequence and the changes in miRNA-dependent silencing caused by 
nucleotide modifications, especially because previous reports have 
shown enrichment of m5C at the site of Argonaute binding” and 
differences in protein expression from modified mRNA in different 
cell types. '” 


The design of miRNA target sites and its location in a miRNA switch 
can have a large impact on the capacity for miRNA-mediated 
silencing. Our results showed that nucleotide modifications have a 
larger effect on the silencing of miRNA switches that utilize target 
sites complementary to the seed sequence of the mature miRNA. 
Because the majority of miRNA target sites in animals utilize seed- 
complementary target sites,”*' post-transcriptional modification of 
mRNAs may provide an additional level of control over gene expres- 
sion by tuning miRNA activity. An important feature of the 
miRNA:mRNA interaction is the thermally stable base pairing be- 
tween the miRNA 5’ end (residues 2-7) and the mRNA target. In 
addition, efficient endonuclease cleavage by Argonaute 2 requires 
base pairing at the site of cleavage, between bases 10 and 11.” * Pre- 
vious reports have shown that miRNA-mediated silencing primarily 
occurs though direct cleavage of the targeted mRNA by Argonaute 
2 when bound to a fully complementary target site.*%** However, 
the silencing of partial complementary target genes occurs by trans- 
lational repression and/or mRNA decay in a manner independent 
of endonucleolytic cleavage. Binding of the RISC has been show to re- 
cruit several proteins, including GW182, which can mediate poly(A)- 
binding protein displacement, recruit translational repressors, and/or 
dissociate elF4A from the cap-binding complex elF4F.***” 


Additionally, we show that placing one fully complementary miRNA 
target site at the 5’ UTR eliminates the influence of the nucleotide 
modifications seen with the four target sites at the 3’ UTR of the 
miRNA switches. The increase in silencing efficiency when using 
miRNA target sites at the 5’ UTR was most pronounced in the 
m1W-modified miR-126-3p switches. These data are in agreement 
with previous work that showed that modified miRNA switches 
with four miRNA target sites at the 3’ UTR are less effective than 
one target site at the 5’ UTR.” Silencing of miRNA switches by 
miRNA target sites in the 3’ UTR and the 5’ UTR has been shown 
to involve deadenylation and cap-dependent translation inhibition.** 
However, the enhanced silencing of the modified miRNA switches 
with one fully complementary miRNA target site at the 5’ UTR indi- 
cates that there may be another mechanism triggered by miRNA 
target sites in the 5’ UTR. One potential explanation is that direct 
Argonaute 2-mediated cleavage of the targeted miRNA switch up- 
stream of the start codon may be more effective in silencing due to 
the removal of initiation factors that are bound to the 5’ cap, whereas 
cleavage at the 3’ UTR promotes transcript degradation by removing 
the stabilizing poly(A) tail. It is also possible that RISC binding at the 
5’ UTR interferes with translation machinery through steric hin- 
drance of ribosome assembly.” Furthermore, a miRNA target site 
near the start codon may be more accessible to the RISC, as it has 
less secondary structure than other regions of mRNA.” Further 
studies are needed to fully explain the enhanced activity of miRNA 
target sites at the 5’ UTR. 


Based on the data presented here, several important considerations 
must be taken into account when designing effective modified 
miRNA switches. First, it is crucial to ensure that the selected miRNA 
is expressed in a cell-specific manner. Second, the endogenous 
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expression levels of the selected miRNA must be abundant. Third, use 
a fully complementary miRNA target site and not miRNA seed se- 
quences. Fourth, including multiple miRNA target sites increases 
the miRNA-mediated suppression of the miRNA switch. Fifth, 
placing the miRNA target sites at the 5’ UTR will result in effective 
miRNA-dependent silencing and eliminate the reduction in silencing 
caused by nucleotide modification; however, switches with miRNA 
target sites at the 5’ UTR can increase translation in some instances,”! 
and, therefore, they should be tested to ensure switch activity. Lastly, 
the dose of miRNA switches should be fine-tuned to prevent satura- 
tion of endogenous miRNA. 


The present study is of broad significance given the dynamic changes 
in the naturally occurring modified nucleotides in all cellular 
mammalian RNA. The impact of these modifications on miRNA- 
mediated silencing provides a new mechanism of gene regulation at 
the epitranscriptome level, which has not been explored. This work 
provides insights into the influence of the naturally occurring nucle- 
otide modifications on miRNA-dependent silencing, and it informs 
the design of optimal miRNA switches. Furthermore, given that 
modified nucleotides increase translation, they can serve as a novel 
tool to elucidate the relative contribution of the endonuclease 
cleavage and/or suppression of translation in the dynamics of 
miRNA-mediated mRNA silencing. 


MATERIALS AND METHODS 

Constructs and In Vitro Transcription 

GFP constructs for the generation of in vitro transcription templates 
were designed using the pLL3.7 plasmid, a gift from Luk Parijs (Addg- 
ene plasmid 11795). The 3’ UTR of human @-globin (132 bp) was 
amplified using HeLa genomic DNA as a template, with forward 
and reverse primer oligonucleotides 1 and 2 (Table S1), and EcoRI 
digested and cloned into the pLL3.7 plasmid. BamHI, Pacl, and 
SphI restriction sites were included upstream of the @-globin 3' 
UTR in oligonucleotide 1 to facilitate the insertion of miRNA target 
sites at the 3’ UTR. 


To construct GFP miRNA switches with one or two copies of the fully 
complementary target sites for miR-126-3p (GFP-1x126TS or GFP- 
2x-126TS), we annealed oligonucleotides 3 and 4 or oligonucleotides 
5 and 6, respectively, and we ligated them into the plasmid using the 
BamHI restriction site added to the GFP 3’ UTR. To construct GFP 
with three or four copies of the fully complementary target sites for 
miR-126-3p (GFP-3x126TS or GFP-4x126TS) at the 3’ UTR, we an- 
nealed oligonucleotides 7 and 8, containing two copies of miR-126-3p 
fully complementary target sites, and we ligated them into the GFP- 
1x126TS or GFP-2x126TS plasmids using the Pacl restriction site. 
Likewise, to construct GFP with two miR-126-3p seed target sites 
(GFP-2x126seed) at the 3’ UTR, we annealed oligonucleotides 
9 and 10 that contained two copies of regions complementary to 
the seed sequence of miR-126-3p, and we introduced them into the 
GFP plasmid using the BamHI restriction site. The same strategy 
was used to construct GFP-4x21TS, GFP-4x145TS, and GFP- 
4x122TS plasmids by inserting four target sites for miR-21-5p (oligo- 
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nucleotides 11-14), miR-145-5p (oligonucleotides 15-18), or 
miR-122-5p (oligonucleotides 19-22), respectively, using the BamHI 
and Pacl sites (Table S1). 


For in vitro transcription, templates were generated by PCR using 
forward primer 23 (containing a T7 promoter, 5’ UTR of human 
8-globin and the first 26 bases of GFP) and reverse primer 24 (start- 
ing at the end of the human 6-globin 3' UTR). To generate a tem- 
plate that contained one copy of the fully complementary target 
sites for miR-126-3p at the 5’ UTR of GFP (5' UTR-1x126TS- 
GFP), PCR was performed using forward primer 25 (containing 
a T7 promoter, 5’ UTR of human @-globin, one miR-126-3p 
fully complementary target sequence, and the first 26 bases of 
GFP) and reverse primer 24. In vitro transcription was performed, 
per the manufacturer’s protocol, using the HiScribe T7 High 
Yield RNA synthesis kit (New England Biolabs) followed by ammo- 
nium acetate precipitation, as previously described.”? Pseudouri- 
dine-5'-Triphosphate (TriLink Biotechnologies, N-1019), 5-Methyl- 
cytidine-5'-Triphosphate (TriLink Biotechnologies, N-1014), 
N1-methylpseudouridine-5'-Triphosphate (TriLink Biotechnologies, 
N-1081), and 2-Thiouridine-5'-Triphosphate (TriLink Biotechnol- 
ogies, N-1032) were substituted during IVT to generate modified 
mRNA. The RNA was then capped using the ScriptCap m’G 
Capping System (CellScript) and tailed using the A-Plus Poly(A) 
Polymerase Tailing Kit (CellScript). Following poly(A) tailing, the 
mRNA was precipitated using 1x vol of 5 M ammonium acetate 
and re-suspended in dH,O. 


Cell Culture and Transfection 

HEK293 (Stratagene) and HeLa (ATCC) cells were cultured in 
DMEM with 10% fetal bovine serum (FBS). HUVECs and VSMCs 
(Lonza) were cultured in EGM-2 Endothelial Cell Growth Media 
or SMGM-2 Smooth Muscle Cell Growth Media (Lonza), respec- 
tively. All cells were maintained in sub-confluent densities to allow 
cell division throughout the course of the experiments. Experi- 
ments using HUVECs and VSMCs were carried out in cells 
between 3 and 7 passages. Cells were plated in 24-well plates 
(HEK293, HeLa, and VSMC, 5 x 10%/well; HUVEC, 1 x 
10°/well) on the day prior to the first transfection. miRIDIAN 
miRNA mimics and hairpin inhibitors (Dharmacon) were trans- 
fected at a final concentration of 200 nM using DharmaFECT 4 
Transfection Reagent (Dharmacon). Lipofectamine 2000 (Thermo 
Fisher Scientific) was used for mRNA transfections. Media were 
changed after 4 h to remove transfection reagent from HUVECs, 
VSMCs, and HeLa cells. Cells were collected 24 h following 
mRNA transfection. 


Cytotoxicity 

Cytotoxicity was analyzed 24 h after transfection of miRNA switches 
by adding propidium iodide (PI) directly to wells without removing 
the culture media. PI was added to the transfected wells to a final con- 
centration of 4 uM. Fluorescence microscopy images were captured 
after a 30-min incubation. The number of dead cells was calculated 
from 4 fields/well using ImageJ. 
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Immunoblotting 

Immunoblot analyses were performed as previously described. 
Protein lysates were fractionated based on size by SDS-PAGE, and 
they were transferred to nitrocellulose membrane before immuno- 
probing using rabbit antibodies against GAPDH (1:1,000, Cell 
Signaling Technology) or GFP (1:1,000, Life Technologies), followed 
by IRDye 680 donkey anti-rabbit immunoglobulin G (IgG) secondary 
antibodies (1:5,000, LI-COR). Blots were imaged using the Odyssey 
Infrared Imaging System (LI-COR) and quantified using Image Stu- 
dio software (LI-COR). GFP expression was normalized to GAPDH, 
which was used as a loading control. 
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miRNA Isolation and qRT-PCR 

Total cellular RNA was isolated from cultured cells using miRNeasy 
mini kit (QIAGEN), according to the manufacturer’s protocol, and 
stored at —80°C in RNase-free water. Reverse transcription was 
performed on 50 ng total RNA using TaqMan MicroRNA Reverse 
Transcription Kit (Applied Biosystems) and olidgo-d(T) or 
miRNA-specific RT primers (Thermo Fisher Scientific). qPCR was 
performed using TaqMan MicroRNA Assays (Thermo Fisher Scien- 
tific) for 40 cycles on a QuantStudio 3 (Applied Biosystems). Relative 
expression of miRNAs and mRNA was calculated in comparison to 
the small nucleolar RNA (snoRNA) Ul8 or endogenous GAPDH, 
respectively, using the 2.2 method. 


Statistical Analysis 

Data were analyzed using two-tailed Student's t test with Holm-Sidak 
correction, one-way ANOVA with Tukey's post hoc test, or two-way 
ANOVA with Tukey's post hoc test using GraphPad Prism 7.0 
software. p < 0.05 was considered statistically significant. All data 
are reported as mean + SEM of at least 3 independent experiments 
unless stated otherwise. 
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Supplementary Figure S1: Expression of miR-126-3p and optimization of miRNA mimic delivery in 
HEK293 cells. (A) Real-time PCR analysis of the indicated miRNA expression in HEK293 and HUVEC. (B) 
Representative immunoblot and densitometric quantification of HEK293 cells transfected with miR-126-3p 
mimics or vehicle control at the indicated time point before transfection with unmodified GFP-4x126TS 
miRNA switches. GFP and GAPDH expression were measured after 24 hours. Data represent the mean + 
SEM of three independent experiments, normalized against UlS (A) or GAPDH (B) and relative to HEK293 
cells (A) or vehicle control (B). *p < 0.05 versus HEK293 (A) or 0 hour time point (B). Numbers above bars 
indicate the mean values. 
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Supplementary Figure S2: P-substitution increases GFP expression from IVT mRNA. Representative 
immunoblot and densitometric quantification of HEK293 cells transfected with with GFP-encoding IVT 
mRNA with the indicated percentage of P-substitution. GFP and GAPDH expression were measured after 
24 hours. Data represent the mean + SEM of three independent experiments, normalized against GAPDH 
and relative to unmodified GFP-encoding IVT mRNA. *p < 0.05 versus unmodified GF P-encoding IVT 
mRNA. Numbers above bars indicate the mean values. 
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Supplementary Figure S3: Nucleotide modification decreases cytotoxicity and increases GFP expression 
in HUVEC. (A-B) Representative fluorescence microscopy images (A) and number of dead cells per field 
(B) of HUVEC 24 hours after transfection with GFP-encoding IVT mRNA with the indicated modified 
nucleotides (Scale bars: 200 um; 20x magnification). Media was changed four hours after mRNA 
transfection. Fluorescence Imaging and quantification of dead cells was performed by adding propidium 
iodide after 24 hours without removal of the media. Data represent the mean + SEM from four non- 
overlapping fields. Numbers above bars indicate the mean values. 
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Supplementary Figure S4: Additional miRNA target sites do not increase cleavage of miRNA switches. 
Real Time-PCR analysis of GFP normalized to GAPDH mRNA from HUVEC transfected with the indicated 
100% W-modified GFP miRNA switch. Data represent the mean + SEM of one representative experiment 


performed in triplicate. *p < 0.05 versus GFP mRNA transfected cells. Numbers above bars indicate the 
mean values. 
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Supplementary Figure S5: miRNA sponging by miRNA switches in HUVEC. (A-B) Real Time-PCR 
analysis of miR-126-3p normalized to U18 snRNA (A) and PIK3R2 normalized to GAPDH mRNA (B) from 





HUVEC transfected with the indicated 100% P-modified GFP miRNA switch. Data represent the mean + 


SEM of one representative experiment performed in triplicate. *p < 0.05 versus GFP mRNA transfected cells. 


Numbers above bars indicate the mean values. 
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Supplementary Figure 6: Long-term kinetics of miRNA switch silencing. (A-E) HEK293 cells were 
transfected with the indicated miRNA mimic or vehicle control 24 hours prior to transfection with GFP- 
4x126TS miRNA switches with the indicated nucleotide modifications and control ‘¥/m5C-modified RFP 
mRNA. GFP and RFP expression was analyzed by flow cytometry of 5000 cells every 24 hours after 


transfection. 


Supplementary Table S1. List of oligonucleotides used to generate plasmids and templates for in vitro 


transcription 
Construction of Plasmid Templates 


1 EcoRI-BamHI-Pacl-Sphl-#g/obin 


3'UTR 

2 EcoRI-fglobin 3'UTR 
3 BamHI-1x126TS-BamHI 
4 BamHI-1x126TS-BamHI 
5 BamHI-2x126TS-BamHI 
6 BamHI-2x126TS-BamHI 
7 Pacl-2x126TS-Pacl 

8 Pacl-2x126TS-Pacl 

9 BamHI-2x126seed-BamHI 
10 BamHI-2x126seed-BamHI 
11 BamHI-2x21TS-BamHI 
12 BamHI-2x21TS-BamHI 
13 Pacl-2x21TS-Pacl 

14 Pacl-2x21TS-Pacl 

15 BamHI-2x145TS-BamHI 
16 BamHI-2x145TS-BamHI 
17 Pacl-2x145TS-Pacl 
18 Pacl-2x145TS-Pacl 
19 BamHI-2x122TS-BamHI 
20 BamHI-2x122TS-BamHI 
21 Pacl-2x122TS-Pacl 
22 Pacl-2x122TS-Pacl 


Templates for in vitro transcription 


23 T7-Bglobin 5' UTR-GFP 


24 Bglobin 3"UTR 


Forward 


Reverse 


Forward 
Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


Forward 


Reverse 


5”-ATTA-gaattc-ggatcc-ttaattaa-gcatge- GCTCGC 
TTTCTTGCTGTCCAATTTCTA 
5’-ATTA-gaattc-GCAATGAAAATAAATGTITTTT 
ATTAGGCAGAATCCAGAT 
5’-gatec-CGCATTATTACTCACGGTACGA-g 


5”-gatec-TCGTACCGTGAGTAATAATGCG-8 


5”-gatec-CGCATTATTACTCACGGTACGAGA 
TCGATCCGCATTATTACTCACGGTACGA-g 
5’-gatec-TCGTACCGTGAGTAATAATGCGGA 
TCGATCTCGTACCGTGAGTAATAATGCG-g 
5’-taa-CGCATTATTACTCACGGTACGAGATC 
GATCCGCATTATTACTCACGGTACGA-ttaat 
5’-taa-TCGTACCGTGAGTAATAATGCGGATC 
GATCTCGTACCGTGAGTAATAATGCG-ttaat 
5’-gatcc-TTTAACTAAATGTAAGGTACGAatt 
taTTTAACTAAATGTAAGGTACGAA-g 
5’-gatec-TTCGTACCTTACATTTAGTTAAAta 
aatTCGTACCTTACATTTAGTTAAA-g 
5’-gatcc-TCAACATCAGTCTGATAAGCTA gate 
gatcTCAACATCAGTCTGATAAGCTA-g 
5”-gatec-TAGCTTATCAGACTGATGTTGA gate 
gatcTAGCTTATCAGACTGATGTTGA-g 
5’-taa-TCAACATCAGTCTGATAAGCTA gatcgat 
cTCAACATCAGTCTGATAAGCTA-ttaat 
5’-taa-TAGCTTATCAGACTGATGTTGA gatcgat 
cTAGCTTATCAGACTGATGTTGA-ttaat 
5-gatcc-AGGGATTCCTGGGAAAACTGGACgat 
cgatcAGGGATTCCTGGGAAAACTGGAC-g 
5’-gatec-GTCCAGTTTTCCCAGGAATCCCTgat 
cgattGTCCAGTTTTCCCAGGAATCCCT-g 

5’-taa-A GGGATTCCTGGGAAAACTGGAC gate 
gatcAGGGATTCCTGGGAAAACTGGAC-ttaat 
5’-taa-GTCCAGTTTTCCCAGGAATCCCT gatcg 
atcGTCCAGTTTTCCCAGGAATCCCT-ttaat 
5-gatcc-CAAACACCATTGTCACACTCCA gatcg 
atcCAAACACCATTGTCACACTCCA-g 
5’-gatcc-TGGAGTGTGACAATGGTGTTTGgatc 
gatcTGGAGTGTGACAATGGTGTTTG-g 
5’-taa-CAAACACCATTGTCACACTCCA gatcgat 
cCAAACACCATTGTCACACTCCA-ttaat 
5’-taa-TGGAGTGTGACAATGGTGTTTGgatcgat 
cTGGAGTGTGACAATGGTGTTTG-ttaat 


5’-CTTATGTCAATAATACGACTCACTATA 
GGG-ACATTTGCTTCTGACACAACTGTGITCA 
CTAGCAACCTCAAACAGACCACC-ATGGTGA 
GCAAGGGCGAGGAGCTGTT 
5’-GCAATGAAAATAAATGTITTTTTATTAGGCAG 
AATCCAGAT 


25 | T7-Bglobin 5’UTR-1x126TS-GFP Forward | 5”-CTTATGTCAATAATACGACTCACTATA 
GGG-ACATTTGCTTCTGACACAACTGTGTTCA 
CTAGCAACCTCAAACAGACCACC-CGCATTAT 
TACTCACGGTACGA-ctagcgetaccggtegecace 
ATGGTGAGCAAGGGCGAGGAGCTGTT 


Supplementary Table S2. Summary of miRNA switch silencing in HEK293 cells. 


Unmodified Y Y/m5C m1? 

GFP-1x126TS 0.235 0.364 0.184 N/A 
GFP-2x126TS 0.264 0.35 0.18 N/A 
GFP-3x126TS 0.077 0.236 0.135 N/A 
GFP-4x126TS 0.068 0.123 0.145 0.318 
GFP-4x21TS 0.105 0.415 0.256 0.194 
GFP-4x145TS 0.11 0.438 0.326 0.329 
GFP-4x122TS 0.095 0.116 0.202 0.21 
GFP-2x126seed 0.206 0.449 0.416 N/A 
5'UTR-1x126TS-GFP 0.011 0.09 0.109 0.057 


Supplementary Table S2: Summary of miRNA switch silencing in HEK293 cells. The mean relative 
GFP expression from the indicated miRNA switches in the presence of their cognate miRNA mimics. 


